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We investigated the optical spectrum of Ba(Fe1−xCox)2As2 single crystals with various doping
levels. It is found that the low-energy optical conductivity spectrum of this system can be decom-
posed into two components: a sharp Drude term and a broad “incoherent” term. For the compounds
showing magnetic order, a gap appears predominantly in the “incoherent” component, while an s-
wave like superconducting gap opens in both components for highly doped compounds. The Drude
weight steadily increases as doping proceeds, consistent with electron doping in this system. On the
other hand, the “incoherent” spectral weight is almost doping independent, but its spectral feature
is intimately connected with the magnetism. We demonstrate that the presence of two distinct
components in the optical spectrum well explains the doping and temperature dependences of the
dc resistivity.
I. INTRODUCTION
The phase diagram of Fe-based superconductors,
specifically of Fe arsenides, is similar to that of the
high-Tc cuprates in that the superconducting (SC)
phase emerges from the magnetically ordered state by
“doping.”1–3 A difference between the two systems is
that the former is the multiband system in contrast to
the latter with basically single-band nature. All the five
Fe 3d orbitals contribute to the construction of Fermi
surfaces, resulting in the presence of multiple Fermi-
surface pockets,4,5 as confirmed by angle-resolved pho-
toemission spectroscopy (ARPES).6,7 In addition, while
the undoped cuprate is an antiferromagnetic Mott insula-
tor, the parent compound of Fe arsenides is metallic, and
shows a magnetic or spin-density-wave (SDW) order be-
low the magnetic/structural transition temperature TN
accompanied with a reconstruction of Fermi surfaces as
observed by ARPES measurements.6–8
“Doping” suppresses the magnetic order and induces
superconductivity.1–3 Unlike the cuprates, “doping” does
not necessarily mean chemical tuning of the carrier den-
sity. The parent compound also becomes a superconduc-
tor upon application of pressure9 and even upon substi-
tution of As by isoelectronic P.10 Therefore, in order to
gain insight into the electronic states that give birth to
high-Tc superconductivity in FeAs-based compounds, it
is crucial to elucidate how the “doping” reorganizes the
low-lying electronic states of the magnetically ordered
phase in the SC regime. This could be done by using ad-
vanced spectroscopic methods such as ARPES measure-
ments. Unfortunately, no result of systematic ARPES
study has been reported at the moment partly because
the sample surface is unstable against reconstruction.
Optical spectrum is a bulk-sensitive and useful energy-
resolved probe for investigating doping evolution of
charge excitations and dynamics of relevant carriers. Ap-
plication to the undoped compound revealed an opening
of a partial gap in the magnetically ordered state.11,12 It
is interesting to explore how this gap evolves with doping.
The optical spectrum can in principle probe a SC gap.
Concerning the SC gap in iron-pnictide superconductors,
possible symmetry is, as theoretically argued,4,5 s± wave
which is basically s-symmetry with a full gap opening on
every part of Fermi surfaces but with the order parameter
changing sign across separate Fermi-surface sheets. A
previous optical study of K-doped BaFe2As2 reported a
fairly wide gap opening in the in-plane optical spectrum
below the SC transition temperature Tc.
13
In this paper, we choose a system of Co-doped
BaFe2As2, Ba(Fe1−xCox)2As2, for which measurement
of doping evolution of the optical spectrum is possible
on single-crystalline samples. To the best of our knowl-
edge, this is the first systematic study of the optical spec-
troscopy on iron pnictides. We demonstrate that the low-
energy conductivity spectrum can be decomposed into a
Drude and an “incoherent” component, and show the
evolution of each component with doping and how a gap
(gaps) opens in each component upon the onset of mag-
netic and superconducting order.
II. EXPERIMENTAL
Single crystals of Ba(Fe1−xCox)2As2 (nominal Co con-
tent x = 0, 0.04, 0.08, and 0.11) were grown using a self-
flux method. FeAs and CoAs precursors were prepared
from Fe (or Co) and As at 900 ◦C for 10 hours in an
evacuated atmosphere. Ba, FeAs, and CoAs were mixed
in the atomic ratio 1:4(1−x):4x, placed in an Al2O3 cru-
cible, and sealed in a quartz tube. The tube was heated
to 1150 ◦C, kept the temperature for 10 h, and cooled
to 1050 ◦C for 250 h, followed by decanting the flux.
The Co compositions of the samples were determined by
inductively coupled plasma (ICP) analysis. It is found
that the actual Co contents of the compounds are x =
0.04(1), 0.06(2), and 0.08(4), respectively. Hereafter, we
use these ICP-determined compositions. The compounds
2with x = 0 and 0.04 show a magnetic transition at TN =
138 and 80 K, and those with x = 0.06 and 0.08 undergo
a SC transition at Tc = 25 and 20 K, respectively. Tc
was defined as the onset of the zero-field-cooled diamag-
netic susceptibility, which coincides with the temperature
of zero resistivity. These temperatures are close to that
reported by other groups.14,15
A standard four-terminal technique was used for the
resistivity measurement. For each x, the measurement
was made on several crystals from the same batch. The
magnitude of resistivity coincides within 5 % among the
crystals with the same x, evidencing homogeneity in the
Co content.
The optical reflectivity R(ω) was measured on the ab-
plane of the cleaved samples in the frequency range 50-
40000 cm−1 at various temperatures by a Fourier trans-
form infrared spectrometer (Bruker IFS113v) and a grat-
ing monochromator (JASCO CT-25C). The optical con-
ductivity σ1(ω) was derived from the Kramers-Kronig
transformation of R(ω). Since the measurement is made
in the limited energy region, proper extrapolations are
necessary. The Hagen-Rubens or Drude-Lorentz for-
mula is used for the low-energy extrapolation in order
to smoothly connect to the spectrum in the measured
region and to fit the measured resistivity value at ω = 0.
III. RESULTS AND DISCUSSIONS
A. Temperature dependence of resistivity for
Ba(Fe1−xCox)2As2 and optical response of the
undoped compound
Figure 1 shows temperature dependence of the in-plane
resistivity ρ(T ) for Ba(Fe1−xCox)2As2. The composi-
tions are indicated in the phase diagram as red arrows
(see the inset). Our data are in good agreement with pre-
vious reports.16,17 Resistivity of the undoped compound
shows a sharp drop at TN = 138 K and a metallic be-
havior below TN. For the lightly doped compound (x =
0.04), the resistivity jumps up at 90 K (probably cor-
responding to a structural transition), and saturates at
∼ 80 K which is the reported temperature TN of the
magnetic order.3 A spurious resistivity drop is seen be-
low 10 K, but superconductivity is not bulk in this com-
pound. For x = 0.06 and 0.08, there is no indication of
the structural/magnetic transition, and instead the re-
sistivity shows a sharp SC transition at 25 and 20 K,
respectively. One can see that the overall magnitude of
resistivity decreases with doping, but does not strongly
depend on x. A fairly large residual resistivity component
exists for all the samples, which would arise partly from
disorder of dopant Co atoms existing in the Fe planes.
We show temperature evolution of the optical conduc-
tivity spectrum σ1(ω) and its conductivity sum Neff(ω)
of undoped BaFe2As2 (Figs. 2(a) and 2(b));
Neff(ω) =
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FIG. 1. (Color online) Temperature dependence of the in-
plane resistivity for Ba(Fe1−xCox)2As2 samples (x = 0, 0.04,
0.06, and 0.08). A kink for x = 0 corresponds to a magnetic
transition at TN = 138 K. For x = 0.04, TN shifts down to ∼
80 K. The compounds with x = 0.06 and 0.08 show a sharp
superconducting transition at Tc = 25 and 20 K, respectively.
The inset shows the schematic phase diagram of Co-doped
BaFe2As2. Red arrows indicate the compositions for which
we study in the present work.
where m0 stands for the free electron mass, and V the
cell volume containing one Fe atom. The spectrum at T
= 150 K just above TN shows slowly decaying conduc-
tivity with a peak at ω = 0 and a long tail extending
to 2000 cm−1 or higher. Below TN, the conductivity be-
low 650 cm−1 is suppressed, and most of the suppressed
spectral weight is transferred to energies higher than 650
cm−1 forming a peak around 1000 cm−1 as evidenced
by the Neff(ω) curves (Fig. 2(b)) merging toward 2000
cm−1. The isosbestic behavior seen in the doping evolu-
tion of the optical conductivity spectrum is a hallmark of
strong electronic correlation in the case of cuprates and
other transition-metal oxides. It is indicative of a rad-
ical reconstruction of the electronic structure involving
electronic states over a large energy range, which would
also be the case with BaFe2As2 induced by the onset
of the magnetic order. This is in contrast to the gap
opening in ordinary CDW/SDW system and also to the
well-known Cr metal showing SDW18 in which the gap
width gradually increases from zero as temperature is
lowered below the ordering temperature. Different from
these cases, the magnetic transition in the present system
might be of first order,19 probably because a structural
transition always occurs accompanied with the magnetic
transition. Note that the gap-energy scale Em, a peak
energy of ∼ 1000 cm−1, is huge as compared with the
temperature scale TN = 138 K (Em/kBTN ∼ 10). It is
not trivial if such reconstruction of electronic states and
large gap-energy scale are compatible with itinerant spin
picture.
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FIG. 2. (Color online) (a) Optical conductivity spectrum and
(b) Neff (ω) of undoped BaFe2As2 at several temperatures be-
low 150 K. Below TN = 138 K, low-energy conductivity is
suppressed, and the suppressed weight is transferred to the
higher-energy region up to 2000 cm−1 as evidenced by Neff
curves which merge at around 2000 cm−1. An isosbestic point
in σ1(ω) is identified at ω = 650 cm
−1.
B. Evolution of optical spectrum with doping
The reflectivity and optical conductivity spectra at T
= 150 K are displayed in Figs. 3(a) and(b) for four Co
compositions. This is to see how the Co-doping affects
the spectrum of the parent compound in the normal (non-
magnetic) state. In order to see the doping evolution of
the spectrum more quantitatively, we calculate Neff(ω),
shown in Fig. 3(c). The effect of doping is very weak,
only slightly increasing conductivity in the lowest-energy
region. The weak doping evolution is what is expected
from the band picture in which Co substitution for Fe
adds an electron, and only shifts the chemical potential.
A quite contrasting picture emerges when one sees the
doping evolution of σ1(ω) starting from that in the mag-
netically ordered state of the undoped compound. In
Fig. 4(a), we show σ1(ω) for the four compositions at 30
K. One finds a remarkable doping evolution of σ1(ω) in
this case. It is quite similar to the temperature evolution
of σ1(ω) for the parent compound, and is reminiscent of
the high-Tc cuprates where doping produces a dramatic
transfer of the spectral weight over an eV energy range.20
As is evidenced by Neff(ω) at 30 K, the spectral weight
transfer over a wide energy range is seen (Fig. 4 (b)). A
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FIG. 3. (Color online) (a) Reflectivity spectra, (b) optical
conductivity spectra, and (c) conductivity sum Neff(ω) at T
= 150 K for various doping levels of Ba(Fe1−xCox)2As2. Solid
squares in (b) indicate the values of the dc (ω = 0) conduc-
tivity for each composition.
relatively large suppression of Neff for x = 0 in the low-
energy region is due to the opening of the magnetic gap.
Neff in this region increases for x = 0.04 as the gap is
partially filled in. For x = 0.06 and 0.08 Neff is no longer
suppressed, signaling a disappearance or a complete fill-
ing of the gap, in accord with the absence of the magnetic
order at these doping levels (see Fig. 1). Note that all
the Neff curves merge at ∼ 1700 cm
−1, evidencing that
the high-energy weight (up to 1700 cm−1) in the magnet-
ically ordered state transferred to lower-energy region, as
the magnetic order is suppressed with doping. Although
the energy scale is smaller by an order than that in the
cuprates, a similar reconstruction of the electronic state
should be taking place as a consequence of doping.
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FIG. 4. (Color online) Doping evolutions of (a) the optical
conductivity spectrum and (b) the Neff spectrum at T = 30
K.
IV. ANALYSIS OF σ1(ω) USING A
TWO-COMPONENT MODEL
The optical conductivity spectrum above TN is reminis-
cent of that for high-Tc cuprates, and cannot be fit with a
simple Drude term. In the case of cuprates, there are two
ways of fitting the spectrum. One is to use so-called ex-
tended Drude formalism with a single Drude term with
ω-dependent scattering time τ(ω). The other is to de-
compose the spectrum into two terms, a Drude term with
ω-independent τ and an “incoherent” (or “mid-IR”) term
which shows a broad peak in the mid-infrared region with
a long high-energy tail.21 In the present case it is possible
to adopt the extended Drude, but 1/τ(ω) exhibits unreal-
istic feature at ω higher than ∼ 1000 cm−1, since σ1(ω) is
too flat or even increasing in the high-energy region. So,
we fit the spectrum based on the multi-component anal-
ysis. Given that iron pnictides are multi-band/carrier
systems, it is quite natural to use this analysis.
A. Decomposition of σ1(ω) above TN
Figure 5 shows the decomposition of the optical con-
ductivity spectra at T = 150 K for all the four com-
pounds. In the low-energy region, σ1(ω) is dominated
by two components. One component is a Drude term
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FIG. 5. (Color online) Optical conductivity spectrum at T =
150 K for (a) x = 0, (b) 0.04, (c) 0.06, and (d) 0.08. Each
spectrum is decomposed into a Drude term (blue hatched) and
an “incoherent” term (red shaded). The green line indicates
an interband component which is necessary to fit the data in
the high energy region.
5(σD(ω)) showing a relatively sharp peak at ω = 0, and
the other is an “incoherent” term (σin(ω)) with a long
higher-energy tail. Since the peak at ω = 0 is rather
sharp, we first fit the spectrum in the lowest-energy re-
gion with a Drude term plus constant background (for
doped compounds the ω = 0 peak is so sharp that the
isolation of the Drude term from σ1(ω) is unambiguously
done). Next, we approximate the constant background
by a single overdamped Drude term (we call this an “in-
coherent” term) to best fit the spectrum below 1000 cm−1
combined with the Drude component (shown by orange
curves). There is a room to improve the fitting by adding
one or more Drude-Lorentz terms with smaller weight, as
will be the case with σ1(ω) at T = 5 K (Fig. 6). In or-
der to fit the spectrum in higher-energy region, we need
to add a third term indicated by the green line which
would correspond to an interband transition showing a
peak around 7000 cm−1 (see Fig. 3(b)).
Different from the incoherent term in cuprates which
exhibits a broad peak in the mid-IR region, the “inco-
herent” term in this case does not show a peak feature
and contributes to the conductivity at ω = 0. We plot
the spectral weight of the Drude and the “incoherent”
components as a function of x in Fig. 7. For the parent
compound, the Drude weight is very small, about 10 %
of the “incoherent” weight. With increasing doping, the
Drude component increases its weight, nearly doubled
for x = 0.08, while the “incoherent” component does not
show appreciable doping dependence. The Drude weight
even for x = 0.08 is only a small fraction of the “incoher-
ent” weight. Therefore, the weak doping dependence of
Neff(ω) at T = 150 K shown in Fig. 3(c) is explained by
the increase in the Drude component with doping, consis-
tent with the picture that the Co substitution increases
electron density responsible for the Drude term. This,
in turn, gives evidence that the decomposition shown in
Fig. 5 is reasonable.
B. Decomposition of σ1(ω) below TN
Then, we analyze the effect of the magnetic order on
each conductivity component. For the undoped com-
pound, the spectrum at 5 K well below TN is decomposed
in such a way as shown in Fig. 6(a). It turns out that
the lowest-energy spectrum can be fitted using a nar-
rowed Drude term with the same weight as that in σ1(ω)
at T = 150 K. Then, it follows that a gap should open in
the “incoherent” component, and that σin(ω) no longer
contributes to the dc conductivity. At T = 5 K, the pres-
ence of an additional small component (gray region), also
showing a gap feature, becomes apparent, indicating that
the “incoherent” term may originally consist of at least
two components. As the Drude weight is only 10 % of the
total low-energy weight in σ1(ω) above TN, nearly 90 %
of the low-energy weight contributing to the dc conduc-
tivity is lost by a gap opening below TN (the same result
is reported for CaFe2As2).
22 This suggests that only a
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FIG. 6. (Color online) Low-temperature optical conductivity
spectrum and its decomposition for (a) x = 0, (b) 0.04, (c)
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term is almost unchanged as compared also with that at T =
150 K.
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FIG. 7. Spectral weights of (a) the Drude term and (b) the
“incoherent” term plotted as a function of Co concentration
at T = 150 K (closed circles) and 30 K (open triangles).
small piece of the multiple Fermi surfaces survives in the
magnetically ordered state. Although no firm evidence
is given from ARPES, the rapid narrowing of the Drude
peak or rapid decrease in the carrier scattering rate be-
low TN (Fig. 8 (a)) can be explained by a contraction of
momentum space available for scattering due to disap-
pearance of many portions of the Fermi-surface sheets.
For x = 0.04, TN goes down to 80 K. Below TN, the
gap feature in the spectrum is seen with the gap-energy
scale nearly the same as that in the parent BaFe2As2.
Assuming again that the Drude weight does not change
across TN, we find that a gap opens in the “incoherent”
component σin(ω). However, it is not a complete gap, but
a “pseudogap.” A small but finite conductivity remains
at ω = 0, and σin contributes to the dc conductivity even
below TN.
With increase in doping level to x = 0.06 and 0.08,
the magnetic order is completely suppressed. For these
compositions, because no gap feature is seen in σ1(ω) and
the peak at ω = 0 is so pronounced, the decomposition of
σ1(ω) as shown in Figs. 5 and 6 is unique and robust. We
can conclude that σin(ω) is almost unchanged between T
= 150 and 30 K, and also between x = 0.06 and 0.08.
Note again that the “incoherent” spectral shape σin(ω)
at T = 150 K as well as its weight both above and below
TN are nearly doping independent (Fig. 7). From the
decomposed spectra shown in Figs. 6(a)-6(d), σin(ω) is
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FIG. 8. Width of the Drude term (1/τ ) is plotted as a function
of temperature for (a) x = 0, (b) 0.04, (c) 0.06, and (d) 0.08.
For comparison, temperature dependence of resistivity is also
shown (the right-hand scale). The scales of 1/τ and resistivity
are adjusted by taking into account the contribution of the
“incoherent” component to the dc conductivity.
found to be a good indicator for the presence or absence
of the magnetic order. It should originate from the Fermi-
surface sheets or portions of Fermi surfaces that undergo
reconstruction in the magnetically ordered state.
7C. Carrier scattering rate and temperature
dependence of dc resistivity
The width of thus extracted Drude component,
σD(ω) = σD(ω = 0)/(1 + ω
2τ2), corresponding to carrier
scattering rate 1/τ at various temperatures is plotted in
Figs. 8(a)-8(d) for all the four compounds. For compari-
son, T dependence of resistivity is overlaid on each graph.
The scales of Drude width and resistivity are adjusted by
taking into account the contribution of σin to the conduc-
tivity at ω = 0 using σ1(ω = 0) = σD(ω = 0)+σin(ω = 0)
and ρ = 1/σ1(0). Both curves come close to each other
in the low-T region. This is because σD dominates,
σD(ω = 0) ≫ σin(ω = 0), owing to the gap (or pseu-
dogap) for x = 0 and 0.04, and to relatively smaller con-
tribution of the “incoherent” term for x = 0.06 and 0.08.
The large separation between the two in the high-T re-
gion is due to a fairly large contribution from σin to the
dc conductivity. For the parent compound, the T depen-
dence of resistivity is determined solely by the Drude
term below TN. Note that there exists a fairly large
residual component in 1/τ even in this undoped com-
pound without dopant disorder. We speculate that the
scattering source might be magnetic domain boundaries
necessarily formed because of collinear (stripy) magnetic
order.23
For x = 0.04, different from the case with x = 0, 1/τ
does not show a sharp drop at TN nor strong T depen-
dence below TN (Fig. 8(b)). Certainly, this is due to
strong elastic scattering from Co impurities in the Fe
plane, and also to incomplete reconstruction of Fermi
surfaces, reflecting the weakened or disordered magnetic
order. Then, it follows that the observed steplike increase
in resistivity at TN is associated with the decrease in the
contribution from σin due to the pseudogap. For the
superconducting compositions (Figs. 8(c) and 8(d)), T
dependence of the scattering rate is also extrapolated to
a considerably large value at T = 0 K. In these cases, the
carrier scattering centers should be dopant Co atoms ran-
domly substituted for Fe atoms. The residual component
is largest for x = 0.04 in which scattering from magnetic-
domain boundaries would add to scattering from Co im-
purities.
As regards an inelastic scattering component in 1/τ of
highly doped compounds (x = 0.06 and 0.08), it shows
power-law T dependence (∼ T n) above Tc with an ex-
ponent n seemingly larger than 1 because of its con-
cave curvature (it is also possible to see the data as a
crossover from constant at low temperatures to T -linear
at high temperatures). An obvious difference from the T
dependence of resistivity, which seems to be dominated
by a T -linear term, arises from the contribution from
σin(ω). According to the present analysis, σin(ω) and
hence σin(0) are nearly T independent, so σin(0) increas-
ingly contributes to resistivity as temperature is raised,
making T dependence of ρ weaker than that of 1/τ ex-
tracted from the Drude component. Down-bending of
ρ(T ) frequently observed for LnFeAsO family (Ln = lan-
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ductivity spectrum of Ba(Fe1−xCox)2As2 for (a) (c) x =0.06
and (b) (d) 0.08 above and below the superconducting tran-
sition temperature Tc.
thanide elements)24 and K-substituted BaFe2As2
2 might
be explained by dominant contribution of σin(0) in the
higher-temperature region.
Wu et al.25 performed similar two-component analy-
sis of the optical conductivity spectra of the same com-
pounds with x = 0 (also EuFe2As2) and 0.08. When the
present data are compared with theirs, one realizes quan-
titative differences between the two. A critical difference
arises in that the measured reflectivity in the lowest-
energy region in Ref. 25 is too high as compared with
the present result. Hence, the low-energy conductivity
(and consequently the Drude spectral weight in the spec-
trum) at T = 150 (210) K for BaFe2As2 (EuFe2As2) is
much bigger than the present one, which leads Wu et
al. to suppose that a gap below TN would open predom-
inantly in σD(ω), which reduces the Drude weight and
transfers it to higher energies. The bigger Drude weight
of their analysis results from a broader peak at ω = 0 for
EuFe2As2 measured at relatively high temperature T =
210 K (TN = 189 K in this compound).
12 In fact, it is pos-
sible to decompose the present spectrum at T = 150 K for
x = 0 into the Drude component with bigger weight, and
hence smaller weight for the “incoherent” component, al-
though the fitting to the experimental data is a little bit
worse. However, in view of the systematic variations in
the Drude component with doping and temperature as
well as remarkable consistency with the dc resistivity, we
conclude that the present decomposition is more reliable
and reasonable.
D. σ1(ω) in the SC state
Finally, we focus on the optical properties in the SC
state. Reflectivity spectra for x = 0.06 and 0.08 are pre-
sented in Figs. 9(a) and 9(b), respectively. The evolution
of the spectrum with temperature is similar to that of
K-doped BaFe2As2.
13 Below Tc, reflectivity of the com-
8pound with x = 0.06 (0.08) exhibits enhancement to al-
most unity due to SC gap opening below 80 (50) cm−1.
As evidenced by the optical conductivity spectra shown
in Figs. 9(c) and 9(d), conductivity in this energy re-
gion is radically suppressed, suggesting that Co-doped
BaFe2As2 is a full gap superconductor in agreement with
ARPES26 and also with theoretical proposals.4,5 Given
that the low-energy spectrum contains some ambiguity
due to experimental uncertainty and limitation in the
energy region covered in the experiment, we cannot rule
out a possibility that a second weak gap feature is hid-
den above the conductivity edge at ∼ 80 cm−127,28 or
that finite conductivity remains in the region below 80
cm−1 which may show a gap feature indicative of a sec-
ond smaller gap.25,29 However, the steep drop of conduc-
tivity below 120 cm−1 toward 80 cm−1 is a robust result.
So, if we take this as an s-wave gap edge, the gap mag-
nitude would be 2∆ ∼ 80 cm−1 at T = 5 K for x = 0.06
corresponding to 2∆/kBTc ∼ 4.6 (probably, 2∆ for x =
0.08 is 50 cm−1 or lower). This value is very close to the
value estimated by ARPES26 and by the point contact
measurement.30 In the case of K-doped BaFe2As2 with
Tc = 37 K, a similarly defined gap 2∆ is about 150 cm
−1
(2∆/kBTc ∼ 5.8).
13 We see that 2∆ is larger for higher
Tc in doped BaFe2As2, but we are not sure if 2∆ exactly
scales with Tc.
From the missing area of the conductivity spectrum
in the SC state, we estimate the superfluid density or
condensed weight at ω = 0;
ρs = 8
∫
ωc
0+
dω[σ1(ω, T ≃ Tc)− σ1(ω, T = 5K)]. (2)
The London penetration depth λL is related to the su-
perfluid density by ρs = c
2/λ2L. Calculating the miss-
ing area (setting ωc ∼ 500 cm
−1) from our results, λL
is estimated to be 2770 ± 250 (3150 ± 300) A˚ for x =
0.06 (0.08). These values are in good agreement with
the value provided by the muon spin relaxation31 and
the tunnel diode resonator technique.32 Therefore, the
Ferrell-Glover-Tinkham sum rule appears to hold in the
present SC system.
A typical result of two-component analysis of the spec-
trum in the SC state is illustrated in Fig. 10. The blue
and red dashed lines reproduce σD(ω) and σin(ω) at T
= 30 K just above Tc. The spectrum in the SC state at
T = 5 K cannot be reproduced unless the SC gap affects
both components. A decomposition into the blue solid
curve (hatched) and the red solid curve (shaded) best fits
the experimental spectrum at T = 5 K. Incorporation of
multiple SC gaps is not necessary as long as the level of
fitting is the one shown by the orange curve in Fig. 10.
The result suggests that a full gap opens in every piece
of Fermi-surface sheets in the SC state.
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FIG. 10. (Color online) Decomposition of the conductivity
spectrum of Ba(Fe0.94Co0.06)2As2 at T = 5 K. The exper-
imental spectrum is best reproduced assuming a single SC
gap of 80 cm−1. The dashed lines indicate each component
just above Tc.
E. Possible origin of “incoherent” term
The Drude component certainly has its origin in the
electron Fermi surfaces as its weight increases with Co
content. In the magnetically ordered state the gap opens
only in the “incoherent” component, and this gap just
follows the evolution of the magnetic order with doping.
In this respect, the “incoherent” component would arise
from some Fermi-surface sheets or their segments which
fulfill the nesting condition for an SDW instability. Al-
ternatively, the selective gap opening and its intimate
connection to the magnetic order may imply that the rel-
evant Fermi surfaces are dominated by particular Fe 3d
orbitals which are involved in the formation of the mag-
netic order. It is speculated that the magnetic order is
accompanied with an orbital ordering,8 since a structural
transition always occurs at or before magnetic ordering in
many of the iron arsenides. One should note that the “in-
coherent” component persists into the SC regime without
showing gap feature but with almost unchanged spectral
weight. This suggests that persistent spin/orbital fluctu-
ations strongly scatter the charge carriers in the normal
state of the SC compounds. A similar doping evolution
of magnetism and electronic structure in this system is
also discussed by Canfield et al.33 based on the transport
study.
V. SUMMARY
A systematic investigation of the optical spectrum is
performed on Ba(Fe1−xCox)2As2. The optical conduc-
tivity spectrum in the non-magnetic state of the undoped
compound changes weakly with doping. By contrast,
the spectrum at temperatures below TN exhibits a dra-
matic doping evolution over an energy range up to 2000
cm−1. The high-energy spectral weight associated with
9an SDW/magnetic gap is transferred into the low-energy
region, reminiscent of the doping evolution of the optical
spectrum for high-Tc cuprates and indicative of a recon-
struction of the electronic state on large-energy scale.
The low-energy spectrum can be decomposed into two
components, a Drude and an “incoherent” term, reflect-
ing the presence of two or more distinct charge carriers
in iron-arsenic systems. Temperature and doping evolu-
tions of the Drude component combined with those of
the “incoherent” component are shown to well explain
the temperature dependence of dc resistivity at various
doping levels. The Drude component increases its weight
with doping obviously originating from electron Fermi
surfaces, whereas the weight of the “incoherent” compo-
nent does not appreciably change. It is demonstrated
that a gap in the magnetic state opens selectively in the
“incoherent” component, and that the gap follows the
evolution of the magnetic order with doping. The “inco-
herent” component is thus considered to arise from Fermi
surfaces that are relevant to the magnetic/orbital order,
the fluctuations of which may persist well into the SC
doping regime and cause strong carrier scattering. In the
SC state, both Drude and “incoherent” components con-
tribute to the SC condensation with an s-wave like gap
opening in both components.
Note added : During the completion of the manuscript
a preprint has been up in the arXiv which reports the
anisotropic charge transport in detwinned single crys-
tals of Ba(Fe1−xCox)2As2.
34 The anisotropy in the ab-
plane resistivity below T ∼ TN is most pronounced for
lightly doped compounds with x in the range between
0.025 and 0.045. The resistivity in one direction (b axis
along which spins allign ferromagnetically) increases with
lowering temperature and tends to saturate at lower tem-
peratures. On the other hand, the resistivity in the other
direction (a axis along which spins allign antiferromag-
netically) continues to decrease from above TN. In the
light of the present result and analysis for x = 0.04, this
contrasting behavior is explained by a gap/pseudogap
opening in σin(ω) selectively for polarization parallel to
the b axis.
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